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1.0 


INTRODUCTION 


An  alternative  to  the  M-X  Trench  with  in-line  Missile 
carriers  is  the  spur  concept  in  which  missile  carriers  are  sta¬ 
tioned  in  off-line  turnouts  hardened  against  airblast  loads. 

The  two  distinct  differences  between  in-line  and  off-line  missile 
basing  are:  1)  for  the  in-line  concept  the  missile  carrier  can 
be  stationed  at  any  point  in  the  trench  whereas  for  the  off-line 
concept  the  missile  carrier  can  only  be  stationed  in  a  finite 
number  of  locations,  and  2)  for  the  in-line  concept  the  blast 
plug  must  survive  a  normal  reflection  of  the  airblast  whereas 
for  the  off-line  concept  the  blast  plug  loading  is  considerably 
reduced . 

Two  variations  of  the  off-line  basing  concept  are  the 
single  and  double  spurs  (Figure  1) .  For  the  single  spur  concept, 
the  missile  carrier  is  based  in  the  turnout  which  is  protected 
from  airblasts  in  the  trench  by  a  blast  plug.  For  the  double 
spur  concept  the  missile  carrier  uses  the  turnout  to  maneuver 
into  the  double  spur  located  across  the  trench.  The  blast  plug 
for  the  double  spur  is  aligned  with  the  trench  whereas  for  the 
single  spur  the  blast  plug  is  at  a  60°  to  the  trench  axis. 

The  asymmetric  geometry  of  the  spur  concept  causes  the 
blast  door  loading  to  depend  upon  direction  of  loading.  Accurate 
vulnerability  assessments  of  the  spur  concept  require  experimental 
and  calculational  programs.  Experiments  have  been  performed  in 
the  NASA/Ames  Research  Center  Electric  Arc  Shock  Tube  in  which 
the  airblast  environment  was  recorded  in  a  1:33  scale  model  of 
a  double  spur.  The  experiments  used  an  incident  shock  pressure 
ratio  of  40  (300  psi  in  air  at  h  atmosphere)  to  determine  the 
shock  propagation  in  the  spur.  Tests  were  conducted  from  both 
orientations.  Pressure  histories  were  obtained  from  high  frequency 
transducers  located  on  the  blast  door  and  at  selected  points 
through  the  model. 
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2.0  SHOCK  TUBE  TEST  PROGRAM 

A  series  of  shock  tube  experiments  were  conducted  at 
NASA  Ames  Research  Center  Electric  Arc  Shock  Tube  (EAST)  to 
aid  in  the  understanding  of  airblast  propagation  in  the  M-X  spur. 
The  facility  was  selected  because  of  its  ability  to  produce 
strong,  repeatable  shock  waves  at  ambient  or  near  ambient  initial 
pressures . 

The  M-X  spur  test  section  was  attached  to  the  EAST  facility 
and  tested  at  an  initial  shock  strength  of  P2^  =  40  after  facility 
calibration  tests.  Pressure  measurements  were  obtained  on  the 
blast  door  and  at  other  selected  points  in  the  model. 

2 . 1  Model  and  Instrumentation 

The  M-X  spur  test  section  is  a  1:33  geometrically  scaled 
model.  A  clam  shell  design  was  used  to  obtain  the  internal  rec¬ 
tangular  geometry  which  was  cut  from  the  three  inch  thick  aluminum 
ingots  used  for  the  top  and  bottom  halves  of  the  test  section.  The 
clam  shell  test  section  was  clamped  with  nineteen  2  1/8"  diameter 
bolts  (Figure  2)  so  that  the  internal  pressure  (1000  psi)  could  be 
contained.  Four  tirods  were  used  for  strength  along  both  the 
shock  tube  and  spur  turnout  axes  (Figure  3) . 

Tangent  type  circular  to  square  junctions  were  used  at 
each  end  of  the  test  section.  Throughout  the  test  section  the 
top  and  bottom  walls  form  parallel  planes  with  a  spacing  (10  cm) 
equivalent  to  the  shock  tube  diameter.  All  of  the  sidewalls 
between  the  circular  to  square  junctions  and  those  in  the  spur 
turnout  were  planar.  The  coordinates  of  the  inside  walls  are 
defined  with  respect  to  an  origin  located  at  the  intersection 
of  the  shock  tube  and  spur  turnout  axes  (Figure  4) . 

Pressure  measurements  were  made  at  16  stations  located 
on  the  blast  plug  wall,  the  roof,  the  adjacent  wall,  and  in  the 
turnout  (Figure  5) .  The  station  coordinates  are  listed  in  Table 
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(NASA/Ames  Research  Center) 


Figure  3.  M-X  Double  Spur  Model  Test  Assembly 


Figure  4,  M-X  Spur  Dimensions  (Coordinates  in  Inches) 


Table  1.  Instrumentation  Station  coordinates 


Station  Coordinates  (x,Y) 


L2 

(  22.80, 

2.00) 

D5 

(  10.20, 

2.00) 

D4 

(  6.05, 

2.00) 

D3 

(  3.55, 

2.00) 

D2 

(  0.93, 

2.00) 

Dl 

(  -5.25, 

2.00) 

Ll 

(-13.70, 

2.00) 

Tl 

(  3.55, 

0.00) 

T2 

(  -5.25, 

0.00) 

T3 

(-12.40, 

-7.19) 

T4 

(  -5.25, 

-3.75) 

T5 

(-14.52, 

-3.75) 

EW 

(-46.40, 

-26.80) 

TEW 

(-43.00, 

-24.80) 

L3 

(  -8.90, 

-9.30) 

SI 

(  -5.25, 

-8.20) 

S2 , S3 

(  3.55, 

-5.76) 

S4 

(  9.18, 

-4.40) 

1.  Stations  D2,  D3,  and  D4  are  located  on  the  blast  plug  where¬ 
as  stations  Dl  and  D5  are  located  on  each  side  of  the  blast  plug. 
Pcb  Piezotronics  pressure  transducers  models  113A22  and  113A24 
were  flush  mounted  in  steel  inserts  in  the  side  wall.  The  trans¬ 
ducers  were  protected  from  the  thermal  environment  by  covering 
the  transducer  face  with  a  thin  layer  of  commercial  RTV. 

2 . 2  Facility  Description 

The  NASA  Ames  Research  EAST  facility  (Figure  6)  is  an 
electric  arc  shock  tube  used  for  high  energy  shock  physics  ex¬ 
periments.  EAST  consists  of  a  1.2  MJ  capacitor  bank,  an  0.1 
meter  I.D.  shock  tube  and  a  dump  tank  (Figure  7) .  For  the  pre¬ 
sent  tests  a  1.36  meter  long  cylindrical  driver  was  employed. 

Strong  shocks  are  created  by  discharging  energies  approach¬ 
ing  1  MJ  into  a  driver  section  through  an  exploding  wire  techni¬ 
que.  Joule  heating  of  the  driver  gas  takes  place  when  an  arc  is 
struck  along  the  wire  path  betweeen  the  ground  electrode  at  the 
diaphragm  station  and  the  high  voltage  electrode  at  the  base  of 
the  driver  (Figure  8) .  Alternate  gases  such  as  helium  are  used 
in  the  driver  section  to  create  stronger  shocks  than  would  occur 
with  air  in  the  driver.  Details  of  the  driver  operation  can  be 
found  in  References  1  and  2. 

Operation  of  the  shock  tube  is  easily  illustrated  by 
considering  a  constant  diameter  tube  divided  into  two  regions:  a 
high  pressure  driver  section  and  a  lower  pressure  driven  section 
separated  by  a  diaphragm  (Figure  9a) .  When  the  diaphragm  is 
burst,  a  shock  wave  propagates  down  the  driven  section,  and  an 
expansion  fan  propagates  back  into  the  driver  section  (Figure 
9b) .  The  expansion  fan  converts  the  stagnation  energy  of  the 
driver  gas  into  flow  energy  (of  the  expanded  driven  gas)  and 
compressive  work  (which  accelerates  the  driver  gas) .  Expansion 
waves  travel  at  the  speed  of  sound  relative  to  the  local  driver 
gas  conditions;  thus  the  driver  gas  sound  speed  is  an  important 
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Figure  7,  NASA  Ames  electric  arc  shock  tube  schematic. 


TuH?SIEN  r~  Heliu 


Figure  8,  Arc  heated  driver. 
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TUBE  X-T  DIAGRAM. 


parameter  in  creating  strong  shocks.  References  3  and  4 
present  the  details  of  shock  tube  performance. 

Using  the  notation  of  Figure  9,  the  ideal  shock  Mach 
number  is  determined  from 


where  A  is  sound  speed  and  the  double  subscript  implies  a  ratio. 
The  shock  pressure  ratio  or  strength  is 


Driver  gas  (Region  4)  state  after  arc  discharge  is  estimated 
from  the  constant  volume  heating  law  of  thermodynamics  for  ideal 
gases 


where  m  is  the  molecular  weight.  Equations  1  through  4  were 
used  to  estimate  the  shock  tube  performance.  Final  test  condi¬ 
tions  were  selected  from  one-dimensional  finite  difference  cal¬ 
culations  (SAI's  RIST  Code,  Reference  5>  and  verified  in  calibra¬ 
tion  runs. 
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3 . 0  EXPERIMENT  RESULTS 

Ten  runs  were  made  in  the  NASA  EAST  facility  to  investi¬ 
gate  the  propagation  of  strong  shocks  (P2^  “  40)  in  a  model  of  the 
M-X  Double  Spur.  Calibration  runs  established  the  shock  wave 
characteristics  in  the  existing  smooth  wall  NASA  shock  tube  and 
determined  the  arc  driver  performance.  The  SPUR  model  was  then 
installed  such  that  the  blast  door  was  centered  about  the  52  dia¬ 
meter  station.  Since  the  M-X  DOUBLE  SPUR  is  asymmetric,  the  model 
was  tested  in  both  orientations  first  in  the  FLOW-PAST-SPUR  and 
then  in  the  FLOW- INTO- SPUR  configuration.  Pressure  histories 
were  measured  at  various  points  in  the  Spur  model.  Specific 
locations  were  selected  either  because  they  represent  a  point 
of  vulnerability,  for  example  the  blast  door,  or  because  the 
wave  propagation  about  rhe  point  was  helpful  to  interpret  the 
data. 


3.1  Calibration  of  Shock  Tube 


Shock  wave  characteristics  in  the  smooth  walled  NASA 
shock  tube  were  selected  from  finite  differnce  calculations  to 
satisfy  several  constraints: 

a)  obtain  a  pressure  history  at  the  test  section 
which  displays  a  1  msec  constant  pressure  dura¬ 
tion  so  that  incident  pressure  decay  would  not 
cloud  data  interpretation, 

b)  match  acoustic  impedance  across  contact  surface 
to  avoid  reflected  shock  interactions  with  an 
impedance  mismatch, 

c)  and  for  structural  integrety  limit  the  maximum 
internal  pressure  to  1000  psi;  thereby  restrict¬ 
ing  the  initial  test  section  pressure  to  h  atmos¬ 
phere. 

The  1.37  meter  driver  section  was  filled  with  Nitrogen  at  P^  = 

18  atm  while  the  test  section  contained  air  at  P^  =  0.5  atm.  Both 
sections  were  at  room  temperature  (T  =  300°K).  After  the  arc 
discharge,  the  theoretical  driver  conditions  were  P^  =  378  atm 


-21- 


and  =  6300°K  assuming  an  ideal  gas  equation  of  state  and 
that  the  arc  discharge  transfered  100%  of  the  stored  electrical 
energy  to  the  driver  gas  which  should  produce  a  shock  Mach  num¬ 
ber  of  6.8  (P21  =  53)  as  is  shown  in  Figure  10.  The  actual 
shock  tube  performance  is  expected  to  be  lower  because  the 
energy  transfer  efficiency  is  nominally  70%  and  because  real 
gas  effects  cause  an  additional  limit  on  the  temperature  rise. 

To  calibrate  the  shock  tube  the  pressure  histories  were 
recorded  at  stations  20,  40,  and  52.  The  desired  shock  strength 
of  =  40  was  observed  at  station  52  (Figure  10)  and  a  nominal 

decay  of  5%  was  observed  between  stations  40  and  52.  The  pres¬ 
sure  histories  displayed  a  constant  pressure  duration  which  ex¬ 
ceeded  the  desired  duration  of  1  msec.  The  duration  of  the  shocked 
gas  is  much  shorter;  infact  at  station  40  the  test  time  was  100 
ysec  (Figure  11)  which  would  indicate  that  for  this  shock  speed 
Cg  =  2.0  km/sec  the  contact  surface  was  located  about  20  cm  behind 
the  shock.  Since  the  contact  surface  would  enter  the  Spur  model 
during  the  initial  portion  of  the  test  it  was  crucial  to  have 
matched  acoustic  impedance  to  avoid  reflected  wave  refractions 
at  the  interface.  The  calibrated  shock  tube  performance  satis¬ 
fied  all  constraints  required  for  the  Spur  tests  and  was  used  for 
the  tests  with  the  model  in  place. 

3 . 2  Measurements  in  the  Spur  Model 

With  the  calibration  runs  complete  the  test  section  was 
installed  in  the  EAST  facility.  For  both  FLOW-PAST-SPUR  and  FLOW- 
1NTO-SPUR  configurations  the  blast  door  was  centered  about  the 
52  diameter  station  where  the  shock  strength  at  the  equivalent 
point  in  the  smooth  tube  was  P^-^  =  40.  Pressure  histories  were 
measured  on  the  blast  door,  the  adjacent  wall,  the  roof,  and  the 
turnout,  and  the  exact  measurement  stations  are  identified  in 
Figure  5  and  located  in  Table  1. 
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Figure  10,  Selection  of  Test  Conditions  -  Pretest  Calculations 
and  Calibration  Run  Measurements, 
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Figure  11.  Shocked  Gas  Test  Time  in  Air  at  the^40 
Diameter  Station  (Pi  =  0.5  atm,  Ms  -  6 


3.2.1  Flow  Past  Spur 

Pressure  histories  along  the  blast  door  wall  (Figure  12) 
display  the  arrival  of  the  incident  shock  and  the  wave  reflected 
off  the  adjacent  wall.  The  reflected  wave  arrived  4.0  msec 
after  the  incident  shock  at  station  Dl.  At  stations  D2  through 
D5  the  reflected  wave  arrival  varies  from  0.5  msec  to  0.1  msec, 
respectively,  after  the  incident  shock.  The  initial  shock 
strength  decreases  as  it  passes  across  the  blast  plug  because 
the  wave  reflected  off  the  converging  adjacent  wall  has  not 
passed  back  across  to  the  blast  plug.  However  when  the  reflected 
wave  does  reach  the  blast  plug,  the  convergence  causes  its  strength 
to  increase  in  the  downstream  direction  (Figure  13) . 

Pressure  histories  along  the  adjacent  wall  exhibit  a 
rapid  pressure  decay  behind  the  shock  (Figure  14) .  The  duration 
of  the  peak  varies  from  100  nsec  at  station  SI  to  50  ysec  at 
Station  S4.  The  pressure  histories  at  later  times  exhibit  grad¬ 
ual  changes.  At  Station  SI  the  pressure  is  constant,  and  at 
Station  S4  a  slow  compression  is  observed  to  peak  at  1.5  msec 
after  shock  wave  arrival. 

The  initial  shock  pressure  ratio  on  the  wall  across  to 
the  blast  plug  (Figure  15)  is  considerably  higher  than  the  pres¬ 
sure  ratio  at  other  points  in  the  Spur  because  of  its  inclination 
to  the  tube  axis  (Figure  4).  Interestingly,  the  maximum  pressure 
occurs  directly  across  from  the  blast  plug. 

Pressure  histories  on  the  Spur  roof  (Figure  16)  show  that 
the  decaying  initial  shock  is  followed  by  the  reflected  wave 
off  the  wall  across  from  the  blast  plug.  At  stations  Tl  and 
T2 ,  the  reflected  wave  arrives  300  ysec  after  the  initial  shock 
and  is  observed  to  be  followed  by  its  reflection  off  the  blast 
plug. 

The  initial  shock  pressure  ratio  on  the  Spur  roof  follows 
the  decay  observed  along  the  blast  plug  wall  until  the  shock 
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Figure  15.  Flow-Past-Spur  Shock  Pressures  on  Convergent  Wall. 


reaches  the  center  of  the  blast  plug.  At  Station  Tl  the  pressure 
ratio  is  about  80  percent  of  the  initial  shock  pressure  on  the 
center  of  the  blast  plug  (D3) . 

Pressure  histories  in  the  Spur  turnout  (Figure  17)  show 
two  rather  weak  shocks  reach  the  end  wall  (Station  EW)  with  a 
spacing  of  1.5  msec.  The  end  wall  reflected  pressure  ratio  for 
the  incident  shock  is  P  ^  =  28.  The  following  shock  whose  origin 
must  be  associated  with  the  convergence  in  the  downstream  portion 
of  the  Spur  almost  doubles  the  pressure  on  the  endwall  (P/P^  =  50)  . 

3.2.2  Flow  into  Spur 

Four  runs  were  performed  with  the  test  section  installed 
in  the  FLOW  INTO  SPUR  configuration.  In  this  orientation  the 
tube  crossectional  area  transitions  smoothly  from  the  shock  tube 
to  the  gradually  increasing  area  of  the  channel  along  the  blast 
plug  (Figure  4) .  As  the  incident  shock  passes  along  the  blast 
plug  a  peaked  waveform  is  observed  (Figure  18) .  The  decay  to 
half  maximum  is  about  200  ysec. 

A  portion  of  the  incident  shock  passes  into  the  turnout, 

and  after  reflecting  off  the  end  of  the  turnout  returns  toward 

the  blast  plug.  The  series  of  reflected  waves  begin  arriving 

at  station  Dl  at  2.2  msec  and  at  Station  D5  at  3.0  msec  after  the 

incident  shock.  The  incident  shock  strength  decays  as  it  crosses 
the  blast  plug  (Figure  19)  and  is  observed  to  be  P^  =  30  on 
the  center  of  the  blast  plug.  The  reflected  waves  strengthen  as 
they  pass  upstream;  in  fact  at  Station  D3  the  pressure  peaks 
are  observed  to  be  P/P^  =  70. 

The  pressure  waveforms  on  the  wall  adjacent  to  the  blast 
plug  also  exhibit  a  preaked  initial  wave  followed  by  a  series  of 
waves  reflected  out  of  the  turnout  (Figure  20) .  At  Station  S3 
the  reflected  waves  begin  arriving  about  2.5  msec  after  the 
initial  shock.  The  initial  shock  strength  at  Station  S3  is 
P21  =  as  reflecte<3  shock  strength. 


UPPF p.  ^PAM  inn  nsi/cm  x  500  .  s/cm 
LOWER  BEAM  200  psi/cm  x  500  .  s/cm 


Figure  17,  Flow -Past-Spur  Pressure  Histories  in  Turnout 
(Stations  TEW  and  EW) 
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gure  20,  Flow -into -Spur  Pressure  Histories  on  Convergent 
(Station  53) 


The  pressure  waveforms  on  the  roof  (Stations  T2  and  T3) 
exhibit  a  peaked  initial  wave  followed  by  a  series  of  waves 
reflected  out  of  the  turnout  (Figure  21) .  The  pressure  waveform 
at  Station  T5  exhibits  the  reflection  of  the  initial  wave  off 
the  wall  between  the  tunnel  and  the  turnout  (Figure  5) .  Again 
a  rather  strong  reflected  wave  with  considerable  duration  is 
observed  to  arrive  about  2.5  ms  after  the  initial  shock. 

The  initial  shock  strength  at  Station  T2  is  P21  =  25.8 
and  decays  to  ~  19.0  at  Station  T3.  Normal  reflection  at 

Station  T5  creats  a  shock  strength  of  P/P^  =  129 . 

Pressure  waveforms  were  recorded  at  Stations  TEW  and  EW 
in  the  turnout.  The  initial  shock  observed  at  Station  TEW  is 
followed  closely  by  two  rather  weak  shocks  (Figure  22) ,  and  the 
reflected  shock  returns  at  220  usee.  The  pressure  signal  from 
Station  EW  displayed  some  spurious  noise  for  about  one  milli¬ 
second  after  shock  wave  arrival  which  may  have  been  caused  by 
vibration  in  the  end  wall.  Although  the  signal  was  noisy  it 
could  be  interpreted  at  late  times  and  in  fact  the  reflected 
pressure  appeared  to  agree  with  the  later  time  measurement  at 
Station  TEW. 

The  initial  shock  strength  was  observed  to  be  P^  = 

20  at  Station  TEW,  and  at  both  Stations  TEW  and  EW  the  reflected 
pressure  ratio  was  observed  to  be  P/P^  =  160. 

3 . 3  Comparison  with  Calculations 

Two  calculations  of  airblast  propagation  into  the  M-X  Spur 
were  compared  to  the  measured  data  obtained  in  the  NASA/SAI  test 
series.  The  calculations  were  performed  by  TRW  (Reference  6)  and 
Systems  Science  and  Software  (Reference  7)  and  both  used  incident 
shock  strengths  of  40.  However  the  flow  behind  the  incident 
shock  was  not  equivalent  to  that  obtained  in  the  EAST  facility. 

The  TRW  calculations  were  of  a  1  megaton  surface  burst  at  an  1800 
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foot  range  which  produced  a  40  bar  peaked  wave  at  the  Spur.  The 
TRW  calculations  were  performed  only  for  the  FLOW-PAST-SPUR 
configurations.  Systems,  Science  and  Software  calculations 
were  of  the  explosive  driver  tests  performed  at  Stanford 
Research  Institute  (Reference  8)  and  considered  airblast  loading 
from  both  directions. 

For  the  FLOW-PAST-SPUR  configuration  most  of  the  impor¬ 
tant  wave  propagation  occurs  near  the  initial  shock  and  is  therfore 
less  dependent  on  the  late  time  flow.  The  excellent  agreement 
shown  in  the  limited  comparison  of  Figure  23A  indicates  that 
despite  late  time  differences  the  flow  near  the  initial  shock 
is  equivalent.  The  calculated  reflected  wave  pressures  on  the 
blast  door  varied  in  the  same  manner  as  the  measured  values. 

For  the  FLOW-INTO-SPUR  configuration  the  important  wave 
propagation  endures  for  a  much  longer  time  and  consequently 
the  effects  of  the  late  time  flows  are  more  important.  The 
disagreement  shown  in  Figure  23B  could  be  expected  and  indicates 
that  the  calculated  reflected  shock  pressures  were  almost  a 
factor  of  two  below  measured  values.  The  significance  of  the 
late  time  flow  can  only  be  quantitatively  discussed  with  a 
proper  set  of  calculations. 
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•PEAKED  WAVE 
CALCULATION 


Measured  and  Predicted  Shock  Pressures  on  the  Blast  Door 
Spur  (A)  and  Flow-Past-Spur  (B)  Loading  Conditions 


4.0 


SUMMARY 


The  M-X  double  spur  model  was  tested  in  both  orientations 
with  a  square  incident  shock.  Pressure  histories  were  measured 
at  various  points  in  the  model. 

The  major  observations  for  the  FLOW-PAST “SPUR  tests 


are: 

•  the  initial  shock  strength  on  the  blast  door 
P2i  ^25.  is  slightly  lower  than  the  strength 
of  the  incident  test  shock  in  the  shock  tube. 

•  the  reflection  of  the  initial  shock  along  the 
convergent  wall  creates  a  reflected  wave 
which  impinges  upon  the  blast  door.  This 
impinging  shock  produces  the  highest  loads 

on  the  blast  door  (P^  =  60) . 

•  the  shock  strength  of  the  wave  in  the  turnout 
is  quite  weak  (P21  ^  10.). 

The  major  observations  for  the  FLOW -INTO -SPUR  tests  are: 

•  the  initial  shock  strength  on  the  blast  door 
P2i  ^  30  is  slightly  lower  than  the  strength 
of  the  incident  test  shock  in  the  shock  tube. 

•  a  portion  of  the  initial  shock  passes  into  the 
turnout  and  at  the  end  reflects  up  to  a  high 
pressure  P/Pi  ^  130. 

•  the  reflected  wave  returns  through  the  turnout 
and  impinges  on  the  blast  door  producing  a  pres¬ 
sure  of  P/P^  ^  60. 

Comparison  of  measured  results  with  calculations  revealed 

that: 

•  for  the  FLOW-PAST-SPUR  tests,  calculated 
initial  and  reflected  shock  pressures  are 
in  good  agreement  with  measurements. 

•  for  the  FLOW-INTO-SPUR  tests,  measured  reflected 
shock  pressures  are  higher  than  calculated  values; 
however  calculations  were  not  performed  specifically 
for  the  NASA  test  conditions. 


To  interpret  the  differences  in  the  late  time  flow  it  is  recommended 
that  the  disparity  in  the  incident  waveform  be  eliminated  by 
performing  calculations  of  the  NASA  test  conditions. 
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